Abstract -An alternate priority path planning algorithm for dual-manipulator systems is proposed in this paper. A masterslave architecture is used to deal with the coordination of two manipulators by alternately identifying configurations of the two manipulators. The proposed method utilizes a generalized potential field to evaluate repulsion between manipulators and obstacles in a workspace, so collision avoidance of the planned path can be guaranteed. The simulation results show that proposed algorithm is efficient, even in a narrow passage.
I. INTRODUCTION
Path planning of robot systems has been studied widely in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The major part of the researches are proposed for a single-robot system. While only one robot in a workspace limits the classes of tasks that can be performed, a multi-robot system can expand the application area of robots. For example, a dual-manipulator system is more efficient than a single-manipulator system since the tasks can be processed in parallel. Nevertheless, the planning of a dual-manipulator system is more difficult than a single-manipulator system. In general, the algorithms of multi-robot systems [5-7, 12, 16, 17] can be divided into two basic approaches: centralized planning [5, 6, 13, 16, 17] and decoupled planning [7, 18] . The centralized approaches consider the planning of all robots together in a composite space. Some of the centralized approaches are extended from the algorithms for a singlerobot system directly. For example, the randomized potentialfield method (RPP) plans the path of two disc robots in a sixdimensional space, named composite C-space, which is the Cartesian product of the individual C-space of two robots. The planner is similar as in a single-robot system, but the dimension of its search space is doubled. As a result, the computing complexity increases dramatically.
Unlike the centralized approaches, the decoupled approaches [7, 18] first plan a path for each robot and then consider the interactions among these paths. The decoupled approaches are more efficient than centralized approaches, but they may not plan a path successfully. In other word, most of these approaches are not complete. For example, the fixed priority approach plans the path of each robot individually according its priority. It is obvious the algorithm will fail for some special cases. However, the performance of the fixed priority approach is better than centralized ones in most cases.
In this paper, we propose a novel decoupled path planning approach, named alternate priority planning algorithm, for an dual-manipulator system. The proposed method uses a masterslave architecture to deal with the coordination of two manipulators, by alternately identifying the two manipulators as a master robot and a slave robot, respectively. Unlike the fixed priority approach, master and slave robots plan their paths alternatively. Firstly, the master manipulator plans a path to an intermediate goal by considering the slave manipulator as a static obstacle. Then, the slave manipulator plans a path to another intermediate goal by considering the master manipulator as a static obstacle.
Since different robots are considered as obstacles at different time, the algorithm should re-compute the environment parameters all the time. Similar to the algorithm in [19] which uses a potential model to compute every configuration of a single-manipulator, the proposed algorithm also uses the potential model [20] to adjust robots for safe configurations.
The remainder of this paper is organized as follows. In Section 11, we propose the alternate priority planning algorithm and the implementation details. A simulation considering a realistic situation is presented in Section III to show the effectiveness of the proposed algorithm. Section IV concludes this paper and outlines some possible directions for future researches. The adopted potential model [20] is reviewed in Appendix.
II. AN ALTERNATE PRIORITY PLANNING ALGORITHM
In this section, the alternate priority planning algorithm for dual-arm robots is described. While some centralized based approaches often require expensive computation time to explore a large-dimensional composite space, the decoupled planning scheme is adopted in this paper to reduce the search space. Like a single-robot system, the approach models the workspace wherein obstacles surfaces and robot links are assumed to be charged and computes, similar to that done in electrostatics, repulsive forces and torque between the manipulator and obstacles. Using these forces and torque formed by the potential model, manipulators adjust their configurations toward safe configurations, the minimum potential configurations.
A. Scenario
The scenario of this work involves two manipulators trying to position their end-effectors to their goals while avoiding obstacles (including another manipulator), as shown in Fig. 1 . The two manipulators are specified as the master manipulator (Master) and the slave manipulator (Slave), respectively. 
B. Alternate Priority PlanningAlgorithm
The alternate priority algorithm has two stages. The first stage is Master stage. Master adjusts its configuration by using the repulsion between Master and obstacles, including Slave. Once the adjustment of Master has done, the slave begins to move toward its intermediate goal and adjusts its configuration by using the repulsion between Slave and obstacles, including Master. These two stages are processed iteratively until both manipulators reach their goals. The flowchart of the proposed algorithm is shown in Fig. 2 . In Fig.  2 , Master first moves its end-effector toward the goal, a goal plane, for an initial distance, 6 . In general, the number of configurations and the computation time depends on 6. The smaller size the 6 is set initially, the more configurations the planned path has. On the other hand, if 6 is too large, the computation time also increases because collisions may occur frequently. The initial distance of this paper is predetermined as 10% of the workspace size.
The moving direction is along the direction of the attractive force experienced by end-effector due to the goal plane. In the far field, the attraction has a near spherical symmetry and is attracted toward the goal as if goal is a point attractor. In the near field, attraction will lead the end-effector toward the goal approximately in the normal direction of goal plane. The force magnitude is not used here. If the movement of Master is done, the movement of Slave is performed. For the dualmanipulator systems, the movements of Master and Slave are performed alternately.
The adjustment of the single robot mentioned above can be divided into two stages: (i) translating links toward the goal and (ii) searching for the minimum potential configuration of the manipulator. In (i), translating of all manipulator links except for the two base links does not perform configuration improvement to reduce the repulsive potential. When the pure translation of manipulator has finished, the potential minimization in (ii) is performed under some constraints of the distal link.
In (ii), links of the manipulator are adjusted from the distal link to the base link using the repulsion experienced by the manipulator. The associated constrained optimization problem is divided into two iterative univariant optimization procedures as followings: (ii-a) The distal link is fixed in its orientation and slides on the intermediate goal plane, which is formed by the norm of attraction and the point of the endeffector, to search for the minimal potential configuration and other distal links are sequentially adjusted in orientation, starting from the link connected to the distal link. (ii-b) The distal link is adjusted in orientation while fixed in position, which is determined by (ii-a), and the procedure for adjusting the rest links is similar to that in (ii-a).
Such a local path planning algorithm of a robot ends as the end-effector reaches the minimum potential of the intermediate goal plane or exits abnormally for an infeasible problem. Detailed implementation of the algorithm is presented next. Fig. 2 The flowchart of the proposed algorithm, an alternate priority planning algorithm.
C AdjustingA Manipulator Configuration By Potential
The local path planning algorithm of a manipulator is described as below:
( In 3-D environment, the free space is modeled by considering the potential due to uniform source distributions on surfaces of robots and obstacles. The repulsion experienced by an object of finite size due to the potential gradient is considered. It is shown that the repulsion between polygonal object and obstacles, in forms of force and torque, can be derived in closed form. In [20] , a generalized potential model which assures collision avoidance between a point and polyhedral surfaces in the 3D space was proposed. The potential function is inversely proportional to the distance between two point charges to the power of an integer (m). 
III. SIMULATION RESULTS
In this section, we show the effectiveness of the proposed algorithm for path planning of dual-arm systems in a static environment. The simulations are implemented in C++ on a Pentium IV 2.4G PC with Windows XP system. (1) where R = |r'-r, r'ce S , and integer m is the order of the potential function. In particular, it is shown that the repulsive force exerted on a point charge due to a 3-D polygon can be obtained analytically by evaluating the gradient of the potential function for (m=3) where the x'-y'-z coordinate system is determined by the righthand rule for each edge i of the polygon such that z is measured along the normal direction and x' is measure along edge i of the polygon, respectively, and a is a constant. Hence, the robots are represented by charged points and obstacles represented by charged polygons. By using (2), the Fig. 3 (a) The planned paths of the example shown in Fig. 1. (b) The planned path of Slave when Master is fixed. Fig. 3(a) shows the planned trajectories of a dual-arm system. The initial configuration of this example is shown in Fig. 1 . The proposed algorithm plans an eight-configuration path for Master and a nine-configuration path for Slave. The total computation time is 2.281 seconds (0.188s for Master and 2.093s for Slave). Fig. 3(b) shows another planned trajectory of Slave when Master is fixed in its initial configuration. Comparing the two trajectories in Figs. 3(a) and (b), it is obviously that Slave detours to avoid Master in Fig.   3 (a).
(b) Fig. 4 An example of the dual-manipulator system within a narrow passage. Figs. 6(a) and (b) show the initial configurations of manipulators. This example is similar to the example in Fig. 4 but with an additional obstacle in the narrow passage. This example demonstrates the flexibility of the proposed algorithm. Figs. 7(a) and (b) show the planned path of the manipulators from the top view and side view, respectively. The trajectory of Master is locating at the central space of the passage. In this example, both of Master's and Slave's trajectories have 14 configurations. As the free space is more congested, the planning is more time-consuming with total computation time equal to 5.906 seconds (1.703s for Master and 4.203s for Slave). As shown in Fig. 7(a) , the planned paths are located in the lower place because of the extra obstacle. It is easy to see that the trajectory of Slave dangles to one side significantly in Fig. 7(b) .
IV. CONCLUSIONS
In this paper, an alternate priority algorithm for dual-arm systems is proposed to solve path planning problems in various 3-D workspaces wherein a dynamic scheme is adopted to assign priorities of the two robots.
Firstly, the high-priority robot (Master) plans a local path to its intermediate goal using the repulsion from obstacles and Slave. Then, Slave plans its local path using the repulsion from obstacles and Master. A generalized potential model is adopted to ensure collision free. The artificial potential field models the workspace such that obstacles surfaces are assumed to be charged uniformly while each manipulator is represented as a set of charged sampling points. The repulsive force and torque between manipulator and obstacles thus modeled are used for adjusting the manipulator to a safe position during path planning.
It is easy to see from the simulation results that planned paths are always spatially smooth. It also gives a demonstration that the algorithm works well in a narrow passage. Furthermore, the proposed algorithm is quite efficient compared with similar algorithms. For a dual-arm system with 7-link robots, the planning time is no more than a few seconds for some reasonable environments.
Without the loss of generality, it is assumed that In this section, the generalized potential model [20] is reviewed. Consider a planar surface S in the 3-D space, the direction of its boundary, AS, is determined with respect to its surface normal, n, by the right-hand rule, u x I = n, where u and I are along the (outward) normal and tangential directions of AS, respectively. For the generalized potential function, the potential value at r is defined as (1) . The Newtonian potential (m=1) is harmonic in the 3-D space and can not prevent the robot from colliding the obstacles, and thus can not be used for collision avoidance. The basic procedure to evaluate the potential at r can be summarized as follows:
i. Write the integrand of the potential integral over S as surface divergence of some vector function. ii. Transform the integral into the one over AS based on the surface divergence theorem. iii. Evaluate the integral as the sum of line integrals over edges of AS. 
